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FOREWORD

The effort described in this report is one part of the theoretical development
necessary to make the last version of the Naval Surface Warfare Center Dahigren
Division (NSWCDD) Aeroprediction Code, published in 1981, more applicable to
present and future weapon concepts. The particular theoretical development
included in this report addresses the improvements needed for base drag prediction
on missile configurations ýhat may have combined effects of angle of attack and fin
control deflection, fin location, and fin thickness.
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wind tunnel model design ideas and wind tunnel test consultation.
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partial cost of the wind tunnel model, was provided through the Office of Naval
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ABSTRACT

New wind tunnel data have been taken, and a new empirical model has been
developed for predicting base drag on missile configurations. The new wind tunnel
data were taken at NASA/LaRC in the Unitary Plan Wind Tunnel at Mach numbers
from 2.0 to 4,5, angles of attack to 160, fin control deflections up to 200, fin thickness-
to- chord (t/c) ratio of 0.05 to 0.15, and fin locations flush with the base to two chord
lengths upstream of the base,

The newly developed empirical model uses these data along with previous wind
tunnel data. It estimates base drag as a function of all the above variables along with
boattail and power-on or power-off effects. In comparing the new empirical model to
that used in the former aeroprediction code, the new model gives improved accuracy
compared to wind tunnel data, The new model also is more robust due to inclusion of
additional variables, On the other hand, additional wind tunnel data are needed to
validate or modify the current empirical model in areas where data are not available.
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1. INTRODUCTION

For the past 20 years, the Naval Surface Warfare Center Dahlgren Division has
been involved in developing codes to calculate aerodynamics on tactical weapons,
These codes have attempted to meet the changing need3 of the Tactical Weapons
Community and keep pace with aerodynamic requirements. A recent effortl was
undertaken to look at where we have been, where we are, and where we need to go in
the future with respect to aerodynamic codes. One of the primary needs identified in
Reference 1 was an upgrade of the NSWCDD aeroprediction code to allow Mach
numbers up to 20 (including the effects of real gases), improved lift prediction with
particular emphasis on low aspect ratio lifting surfaces, and improved base drag
prediction. All three of these efforts were undertaken. This report deals with the
third of these objectives, providing improved base drag prediction capability for
missile configurations.

The latest version of the aeroprediction code2-4 (hereinafter referred to as Old
Aeroprediction Code or OAP) calculates base drag empirically, It estimates the body-
alone, zero angle-of-attack, power-off base drag using an average of wind tunnel data
presented in several references.5 -13 These data assume a long cylindrical afterbody
with a fully developed turbulent boundary layer ahead of the base. Figure 1 shows
the base pressure coefficient currently used in the OAP as a function of Mach
number, iieviations to this curve are expected due to Reynolds number, temperature,
boattail or flare, angle of attack, fin thickness-to-chord (t/c) ratio, fin location, fin
deflection, low body fineness ratio, or power on,. [ Note that Figure 1 also shows tho
Improved Aeroprediction Code (IAP) body-alone base pressure coefficient based on
the present wind tunnel results, which will be discussed later, ]

The methodology of References 2 through 4 neglects the effects of Reynolds
number by assuming a Reynolds number combined with body roughness that is high
enough to ensure fully developed turbulent flow at the base. Surface temperature
effects are also neglected. The body is assumed to be at least 5 to 6 calibers long so
that body fineness ratio effects are minimal. Also fin deflection effects were not
accounted for due to lack of data, The body-alone, angle-of-attack base pressure
coefficient change was estimated from Reference 7 and given in the OAP as

Ac ) = (Cr8 ) - = - (0.012 0.0036M.) a;a S 150 (1)
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FIGURE 1, MEAN BODY-ALONE BASE PRESSURE
COEFFICIENT USED IN OAP AND IAP

The base pressure was allowed to change up to an angle of attack of 150 and was held
constant for angles of attack greater than this, The effects due to fin t/c ratio and fin
location were estimated using the meager amount of data from References 14 through
16. Below M=--1,5, the effects were extrapolated to M®=0 based on judgment and
some test data on configurations where the effects of fins could not clearly be
separated from other effects. Figure 2 shows the change in the base pressure
coefficient for various values oft/c ratio and Mach number that are in use in the OAP.

The effect of the location of the fins on base pressure was also estimated by use
of the data in Reference 15, These data were interpolated in a linear sense (see
Figure 3) as a function of fin t/c ratio according to

x
- 0ot/c (2)

where x is the distance from the base to the tail trailing edge (8 = 0°) where the fin has
no effect on base pressure. As an example, Equation (2) would indicate that the fin
needs to be located one chord ahead of the base for a t/c = 0.1 fin to have no effect on
base pressure, The fin effect on base pressure would therefore vary linearly from a
maximum at x/c = 0 to zero for x/c • 1.0.

2
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EXPERIMENT
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BASE PRESSURE COEFFICIENT AS USED IN OAP
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Finally, power-on effects were estimated by modifying the methodology of
Brazze117, 18 for higher values of mass flow at the nozzle exit, Also, boattail effects
were estimated by the empirical data of Stoneyl 2 to give

c A b c,,B( d) ) (3)

Here, CpB includes all the effects just otated. For the details of the methodology and
equations used, the interested reader is referred to References 19 and 20.

There are several problems with the methodology used in the OAP, All of these
stem from the limited wind tunnel data available to estimate the change in base
pressure as a function of the key parameters of interest, For most tactical missiles, it
is believed that the neglect of Reynolds number, surface temperature, and body
length-to-diameter ratio effects are acceptable so long as one remembers the
constraints upon which these assumptions are made, Also, it is believed that the
methodology in the OAP for inclusion of boattail and power-on effects are acceptable
at present, However, estimates of the change in base pressure due to angle of attack,
fin thickness, fin deflection, and fin location need to be improved upon or accounted
for.

More specifically, the data for angle-of-attack effects were limited to small
angles of attack (5100) and Mach number. The data for fin location and t/c ratio were
limited to 1.5 r MG S 2.4; 0 S t/c 5 0.10; 0 : x/c s'5 2.0, It is well known that as
Mach number gets high, base drag goes to zero, Hence, it is desirable to have base
pressure measurements for Mc < 5.0; a S 300; t/c : 0.15; x/c Z 2.0; and 8 S 200,
Also, data where a combination of these variables is investigated simultaneously is
needed. Using these data, a more extensive and comprehensive empirical model to
estimate base drag on missile configurations can be developed. While the data are
needed for an improved base drag prediction model, they could also be very useful in
validating Navier Stokes codes and in selecting appropriate turbulence models,

As a result of the need for additional wind tunnel test data, a request was niade
to NASA Langley Research Center (NASA/L, RC) to assist in providing such data,
The data taken to date are for 2.0 :5 Mw S 4.5, a 5 1.6, 8 5 200, t/c S 0,15, and x/c S
2.0. While these data are not as extensive as desired, they are by far the most exten-
sive base drag database to date and will help in refining the empirical base drag
prediction model of References 19 and 20. Hopefully, additional data at lower Mach
numbers and higher angles of attack will be obtained in the future for additional
refinements.

4
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2. EXPERIMENTAL TESTS

2.1 MODEL DESCRIPTION

A photograph and drawing of the missile base pressure model are shown in
Figure 4. The missile body was an ogive-cylinder 36 in. long and 5.0 in, in diameter.
Four cruciform aft tail fins could be attached to the missile body in a plus orientation
at three longitudinal locations. At each longitudinal location, the fin incidence could
be set at 0", 10*, and 20*. Three sets of fins were tested that had the same planform
but varied in thickness. The base was instrumented with 89 pressure orifices that
were arranged along radial lines at 22.50 increments and 7 constant radiuses from
the center of the base.

a. MODEL MOUNTED IN WIND TU L4NEL

FIGURE 4, MISSILE BASE PRESSURE MODEL DESCRIPTION

5
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The model was attached to a vertical strut near the mi ldle of the mrissile body
on the upper surface (leeward side of model as a increases). The strut had a diamond
cross section and was swept 150, The strut leading edge wedge half-angle was 12° and
was sufficiently small to maintain an attached shock on the leading edge at the
lowest Mach number tested and at small angles of attack, At larger angles of attack,
the strut was on the leeward side of the missile. body and would have minimal
influence on the missile base pressure. The top, of the strut was sufficiently far from
the model centerline (19,25 in,) so that a Mach line emanating from the top leading
edge of the strut would not intersect a tail fin on the mri.el and would intersect the
model centerline at least 1.5 body diameters downstrcaiýA of the model base at the
lowest Mach number tested, The strut was attached to the tunnel model support
system through a 90°-offset sting holder that allowed the vertical position of the
model to be varied in the test section. The model nose was typically slightly below
the tunnel centerline to increase the maximum attainable angle of attack and
provide clearance at the tunnel ceiling to ensure that the strut was outside of the
tunnel wall boundary layer to minimize possible boundary layer separation and
tunnel flow breakdown.

2.2 WIND TUNNEL TESTS

The wind tunnel tests were conducted in the NASA/LaRC Unitary Plan Wind
Tunnel (UPWT), which is a continuous flow, variable pressure supersonic wind
tunnel with a Mach number range of 1.5 to 4.6. The tunnel has two test sections, each
of which covers only part of the Mach number range; the low Mach number test
section has a range of 1.5 to 2.9, and the high Mach number test section has a re.'age of
2.4 to 4.6. The test sections are approximately 4 ft square by 7 ft long, The nozzle
ahead of each test section consists of an asymmetric sliding block that allows a
continuous variation of Mach number while the tunnel is in operation. A complete
description of the tunnel and test section calibration Information is presented in a
NASA report.21

The tests were conducted at the following conditions:

mo Po T0  q

( / ft) (Cl / f't2 ) (OF) (11 / ft2)

2,0 2 x 106  1253 125 449

2,5 2 x 106  1600 125 410

3,0 2 x 10 6  2216 150 380

3,5 2 x 106  2882 150 324

4.0 2 x 106 3698 150 273

4,5 2 x 106 4666 150 229

8
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The dew point in the tunnel was maintained sufficiently low at all test
conditions to ensure negligible water condensation effects. The model angle of attack
was varied from 0' to approximately 160 for tests conducted in the high Mach number
test section (M, at 2.5) and from 00 to approximately 100 for tests conducted in the low
Mach number test section (Mo = 2.0).

The tunnel flow angularity was determined by measuring the pressure
difference between two orifices located 180' apart in a vertical plane on the missile
nose as the model was run through a small angle of attack range. These pressure
differences were plotted against the model attitude which was referenced to the
horizontal, A least-squares fit was applied to the data and the tunnel flow angularity
at a given Mach number was the angle at which the pressure difference was zero,
This procedure was performed at all Mach numbers and all the data were corrected
for tunnel flow angularity,

To ensure a turbulent boundary layer over the model, transition grit was
applied to the missile nose and to the leading edge of each fin, The transition strips
were located 1,8 in. from the model nose measured along the model surface and 0,6 in,
from the fin leading edges measured streamwise, For M. ; 2.5, the transition strips
consisted of #35 sand grit (0,0215±0.0018 in,) individually spaced 0,09 in. apart on
the model nose and 0,12 in, apart measured parallel to the fin leading edges, For
Mw =-2.0, the transition strips consisted of #45 sand grit (0,0152 ± 0,0013 in.) sparsely
sprinkled in a lacquer film, The size and location of the transition grit was
determined from documented procedures 22 except that a critical roughness Reynolds
number of 1800 was used instead of the recommended value of 600. The increase in
critical roughness Reynolds number above the recommended value was due to the
effects of high Mach number and was determined using guidance from a NASA
publication 23 and unpublished data obtained in the UPWT,

2,3 MEASUREMENTS AND DATA

The pressures on the model were measured with two electronically scanned
pressure modules that were located inside the model. The modules had a full-scale
range of ±5 psid, All 89 pressure orifices on the model base were measured
simultaneously for each data point. The model angle of attack was measured with an
accelerometer that was mounted inside the missile body,

The missile base drag coefficient was calculated using an area weighted
average of the base pressure coefficients as shown in the following equation.

9
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Ax An 17 A
-DB + + i=1O -I(

D A,)+ I-A)4 I AAI

PA( i= AI + I cPi()I I c,(,) (4)

+ ~ , I-~~ I PI A - ,()j

where

CpI = pressure coefficient corresponding to orifice i
i = orifice number

A = base area
A1 , A2 ,,.,, A8  = area used as weighting factor

Tests were conducted both with and without tail fins. Data were obtained at
discrete a for cases with tail fins and over a range of a for cases without tail fins. A
complete description of all the configurations that were tested is contained in Table 1,
Table 2 contains a list of the base drag data,

Two problems arose during this test that affected the uncertainty of the
measured pressure data using the electronically scanned pressure modules. The first
problem was model vibrations, which were possibly caused by either normal tunnel
vibrations being transmitted through the long-cantilevered sting/strut or
aerodynamic flow unsteadiness which caused the model and sting/strut to vibrate,
The model was not instrumented to determine the exact cause of the vibrations. The
second problem was temperature variations inside the model that were primarily
caused by the variation of tunnel stagnation temperature as the tunnel was brought
online to the desired test conditions. Because no data were specifically obtained to
determine the experimental data uncertainty caused by model vibrations and
temperature variations, the pressure data uncertainty was estimated from data
obtained during routine checks of the pressure instrumentation to ensure data
system integrity, The checks consisted of either applying a known pressure to the
modules on all the pressure ports and comparing the module reading to a standard
pressure gauge or calibrating the module on-line 24 and comparing data points taken
before and after the calibration. Using the data from these checks, the base drag
coefficients are estimated to have an uncertainty of approximately ±5 percent of the
calculated values.

10
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TABLE 1. CONFIGURATION INDEX

Configuration Fine 05 10 o.15 .5 1.0 1.6 2.0 2.5 0 s 10 15 20M.,,=2.0)(M..k2.5

1 sweep sweep

2 xX xX 0,5,10 0

3x x x 0.5,10 0

4 X X x 0,5,10 0

5 x X X 015,10 0

x X XX 0,5,10 0

7 X X 0,5,10 0

a X X X 0.6.10 0

9 X XX 0.5,10 0

10 X x x 0,5,10 0-
I1I x x x 0.5,10 0
12 X X __ x 0,5,10 0

13 X X X 015,10 0

14 x X X 0,5110 c;

15 x X x 0,6,10 0

18 x 7xý -x 0,5,10 ndt
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TABLE 2, BASE PRESSURE COEFFICIENT DATA

Configuration Moo _ _, CDB Configuration Me* a CDB

1 2.0 0.0 0.138 1 4.5 0.0 0.053

1 2,0 2.0 0,151 1 4.5 2.0 0.056

. 2.0 4.0 0.172 1 4.5 4,0 0,058

2 2,0 6,0 0,192 1 4,5 6,0 0.u61

. 2.0 8.0 0.207 1 4.5 8.0 0.060

1 2.0 10.0 0.218 1. 4.5 10.0 0,059

1 2,0 12.3 0,231 1 4.5 12.0 0.059
1 4.5 14.0 0.059

1 2.5 0,0 0,106 1 4.5 15,0 0,058

1 2.5 2.0 0,11.9 1 4.5 16,0 0,057

1 2.5 4.0 0,136
1 2.5 6.0 0,148 2 2,0 0,0 0,167

2 2.5 8,0 0,157 2 2,0 5.0 0,190

1 2,5 20.0 0,165 2 2,0 10.0 0,210

1 2,5 12.0 0.160 2 2.5 0.0 0,136

1 2,5 14,0 0,156 2 3,0 0.0 0,114

1 2,5 15.0 0.154 2 3,5 0,0 0.092

1 2.5 15.8 0,149 2 4.0 0.0 0,073
2 4,5 0,0 0.058

1 3,0 0.0 0.090
1 3.0 2,0 0.099 3 2.0 0,0 0.194

1 3,0 4.0 0,109 3 2,0 5.0 0,204

1 3,0 6,0 0,127 3 2,0 10,0 0,219

1 3,0 8,0 0.123 3 2,5 0,0 0.150
1 3,0 10.0 0.129 3 3,0 0,0 0.118
1 3.0 12.0 0.119 3 3.5 0,0 0.094

1 3,0 14.0 0,118 3 4,0 0,0 0,075

1 3,0 15.0 0.118 3 4,5 0,0 0,061

1 3.0 16.2 0,121
4 2.0 0A0 0.224

2 3,5 0.0 0,080 4 2.0 5,0 0.223

1 3.5 2.0 0.086 4 2,0 20.0 0,227

1 3.5 4.0 0,091 4 2.5 0.0 0,161

1 3.5 6.0 0,096 4 3,0 0,0 0,122

1 3,5 8,0 0,099 4 3.5 0,0 0,095

1 3.5 10.0 0.096 4 4,0 0.0 0,075

1 3.5 12,0 0,094 4 4,5 0.0 0,061

1 3.5 14,0 0.095
1 3,5 15.0 0,094 5 2.0 0,0 0,158

2 3.5 15.6 0,094 5 2,0 5,0 0,184
5 2,0 1.00 0,208

1 4.0 0,0 0.065 5 2.5 0.0 0.12'/

2 4.0 2,0 0,068 5 3.0 0.0 0.208

1 4.0 4,0 0,073 5 3.5 0.0 0,089

1 4.0 6.,0 0,076 5 4.0 0,0 0,071

1 4.0 8,0 0,077 5 4.5 0,0 0.05B

1 4.0 10,0 0.074

1 4.o 12,0 0,074 6 2.0 0,0 0.180

I1 4,o 14.0 0,0114 6 2,0 5,0 0,197

2 4.u 15.0 0.074 6 2.0 10,0 0,213

2 4.0 16.1. 0.074 6 2.5 0.n 0.146

6 3,0 0.0 0,111'

6 3.5 Q o (. 0.094
6 4.0 0,0 0,07/0
6 4,5 0.0 0,061.

12
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TABLE 2. BASE PRESSURE COEFFICIENT DATA (CONTINUED)

Oonfiguratlon M.. a_, CDB Configuration Ma a CDB

7 .--10 0.0 0.21,9 13 2.0 0.0 0.141
7 2.0 5.0 0,221 13 2.0 5.0 0.160
7 2,0 10,0 0.226 13 2.0 10.0 0.188
7 2.5 0,0 0.160 13 2.5 0.0 0.121
7 3.0 0.0 0,121 13 3.0 0.0 0.103
7 3.5 0.0 0.09S 13 3,5 0.0 0.087
7 4.0 0,0 0,074 13 4.0 0.0 0.068
7 4.5 0.0 0,059 13 4.5 0,0 0.055

8 2.0 0.0 0,148 14 210 0.0 0,143
8 2,0 5.0 0.174 14 2,0 5,0 0,172
8 2.0 10.0 0,204 14 2.0 10.0 0,207
8 2.5 0,0 0,116 14 2,5 0,0 0,116
a 3,0 0.0 0.100 14 3,0 0.0 0,100
a 3.5 0,0 0.084 14 3.5 0,0 0.084
8 4.0 0.0 0,067 14 4.0 0.0 0,068
a 4.5 0,0 0.054 14 4,5 0,0 0,055

9 2.0 0,0 0,185 15 2,0 0,0 0,141
9 2.0 5,0 0,193 15 2,0 5.0 0,171
9 2.0 10.0 0,210 15 2.0 10.0 01208
9 2,5 0.0 0.141 15 2.5 0,0 0,112
9 3.u 0.0 0.113 I5 3,0 0,0 0,095
9 3.5 0.0 0.091 i1 3,5 0,0 0,082
9 4.0 0.0 0,072 15 4,0 0,0 0.066
9 4,5 0.0 0.058 15 4,5 0,0 0,054

10 2.0 0.0 0.216 16 2,0 0.0 0,139
10 2.0 5,0 0.217 16 2.0 5.0 0,168
10 2.0 .0,0 0.225 16 2.0 10.0 0,207
10 2,5 0.0 0.155
10 3,0 0,0 0.120
10 3,5 0,0 0.093
10 4,0 0,0 0.073
10 4,5 0.0 0.057

11 2.0 0.0 0.138
11 2,0 5,0 0.15b
.1 2.0 10.0 0.192

11 2,5 0.0 0.109
11 3,0 0.0 0.090
11 3,5 0,0 0.079
11 4.0 0.0 0.0o4
11 4,5 0.0 0o052

12 2.0 0,0 0,1.39
12 2.0 5.0 0,158
12 2.0 10.0 0,190
12 2.5 0.0 0,113
12 3.0 0.0 0.096
12 3,5 0.0 0,083
12 4,0 0.0 0.067
12 4.5 0.0 0.054

13
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3. EMPIRICAL MODEL FOR BASE DRAG PREDICTION

3.1 BODY-ALONE CONFIGURATION

Using the wind tunnel data of Tables 1 and 2, the percent change in the body-
alone base pressure coefficient was calculated as a function of angle of attack, and
these results are given in Figure 5a for Mach numbers 2.0 < Mo : 4.5. Note that no
data are available above M.= 4.5, so a linear extrapolation indicates no change in
base pressure with angle of attack above Mo= 5,5. Also, no data could be taken for
angles of attack greater than about 15' because the model support strut would have
hit the tunnel ceiling, For higher angles of attack, the data for M, ; 2.5 show an
angle of attack where the base pressure increase is a maximum and then a gradual
decline with further increases in a. This general trend was assumed for all results in
both Figures 5a and b until additional high angle-of-attack data are made available,
The large NASA Tri Service Data Base 25 was investigated for inclusion of high
angle-of-attack pressure effects, However, the emphasis in those tests was on lifting
properties, and the axial force was of secondary concern. Hence, while axial force and
base pressure information is available, the accuracy of the base pressure information
is not believed to be as good as desired for use here.

For Mach numbers below 2, the data of Reference 26 were used to obtain the
change in base pressure due to angle of attack, These results are given in Figure 5b,
In contrast to Reference 25, this test did concentrate on axial force information, The
Reynolds number of the transonic portion of the test was also high enough to ensure a
turbulent boundary layer at tho base for Mach numbers less than 1,5, However, only
three base pressure taps were mounted on the base of the model, and a sting was also
in place. Hence, the data are probably not of the same quality as that of the more
recent data in this report where numerous pressure taps were available to get a more
accurate average of base pressure,

It should be pointed out that both Figures 5a and 5b are given in percent change
in the body-alone base pressure coefficient as a function of angle of attack, These
curves were obtained using data from Table 2 and Figure 1 for 2,0 5 M, ,.5 4,5 and
Reference 26 for 0,6 : Mw : 1,5. The quantity F1 was calculated by subtracting the
body-alone value of C 1) at a= 0 (from Table 2 or Reference 26) from the body-alone
value of Cp, at some a (from Table 2 or Reference 26) and dividing this quantity by
the body-alone value of CpB1 at a=0' from Figure 1. This method of
nondimensionalizing the change in C R of the present experimental data with the Cpj
at a=O0 from Figure 1 compensates for the slight difference between the body-alone
value of CpLj at a=00 from Figure 1 and Table 2 of Reference 26, It should be
emphasized that throughout this section describing the derivation of the empirical
base drag prediction model, the body-alone value of C p, at a = 0° (ptj))rN'.o. ) used to
nondlmensionalize the changes in the present experimental data was obtained from
Figure 1,

14
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In viewing Figures 5a and b, it is evident that angle of attack has a strong effect
on base pressure and hence base drag, It is also evident that additional wind tunnel
data are needed for angles of attack greater than 150 at M. : 4.5.

The base pressure coefficient and drag of the body-alone configuration is then
estimated as

(CPI)NF, -(cpB)N, - i + 0,01 F1  (5)

and

CAB (P)d )3 (Sa)

where (CPB)NF ,.o comes from the LAP results of Figure I and F1 from Figures 5a and
b. Note that the recent data of this report and the Reference 26 data allowed slight
revisions of the OAP results for (CP•HNF, u.- o as seen in Figure 1,

If the engine is in a power-on mode, the base pressure coefficient at a= 0 will be
modified according to References 16 and 17 as currently done in the OAP.

3.2 BODY-TAIL CONFIGURATION

There are three significant base pressure effects that need to be accounted for on
misciles having tail surfaces located nuar the base, These include fin deflection, fin
thickness, and fin location, Fin planform shape and aspect ratio also are design
parameters of interest. However, they will not be modeled in the present empirical
methodology. As seen in the Section 2 discussion on the wind tunnel test, a double
wedge airfoil section was used for all tests. The fin planforms had a constant aspect
ratio of 1,82 and the fin trailing edges were sharp. The planform shape chosen was
thus fairly typical of missile tail fin planforms both in aspect ratio and airfoil section,

The first effect to consider is control deflection, Initially, it was hoped that body
angle of attack and fin control deflection could be separated and modeled separately.
However, it became clear that this was not possible for two reasons: (1) more data
were needed than %ere acquired in the test and (2) based on the limited amount of
data available, it appeared that angle of attack and control deflection were closely
coupled, As a result, when fins were present, the empirical model arrived at a curve
that gave the percent increase in base pressure coefficient as a function of the
absolute value of a+ 8 based on the limited amount of data available. To arrive at
this curve, it was first necessary to determine the increase in base pressure due to fin
deflection for zero thickness fins. This was done by taking the data for the three
values of t/c available and extrapolating to t/c =0. An example of this is shown in
Figure 6 for M =2 at x/c= 0. At this Mach number, both angle of attack and control
deflection data were available for each value of t/c from 0,05 to 0,15. For other Mach
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numbers, only control deflection data were available at x/c = 0. As seen in Figure 6,
the change in base pressure due to fin deflection or body angle of attack varies nearly
linearly with fin t/c ratio making it easy to pick off the value of ACp5 due to fin
deflectibn or body angle of attack at t/c = 0, Figure 7 presents the entire data set of
increase in base pressure at tUc = 0 as a function of I a + 8 1. Here, the figure has been
nondimensionalized by the value of the body-alone base pressure coefficient (obtained
frdm Figure 1) and given as a percentage increase. A linear extrapolation of the data
above M. = 4.5 indicates that there is no increase at M= 5.5. However, no accurate
data are known to be available for M, <2, so the curve for M. =2 is assumed to hold
below Mw= 2. It should be pointed out that this is one reason that the empirical
model was derived in terms of percent increase in base pressure coefficient relative to
the body-alone base pressure coefficient at a= 0. This way, even though no data for
control deflection effects are available below Moo= 2, we still know (CPB)NF -Ofairly
accurately for the body alone; hence, it is believed that the assumption ot using the
curve in Figure 7 to represent the percent increase in base pressure due to fin
deflection is better than trying to derive a model based on the value of ACpB due to fin
deflection The only assumption in Figure 7 is therefore the shape of the curve at
M= 2 is assumed to apply below M= 2.

O Maiosolo
.u0lO0."* euO0.hSnlO
- ghsI0.SIn

", 10 4 eu+6|

- .04o-.02

-04

0 AD AD .ii ,10

t/€

FIGURE 6. EFFECTS OF ANGLE OF ATTACK AND CONTROL
DEFLECTION ON BASE PRESSURE COEFFICIENT

(M. = 2, x/c= 0)
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It is apparent in viewing Figure 7 that additional wind tunnel data are needed
for control deflection and body angle of att'.tck below Mo=2 as well as combined
values of I a+6 I at Mw>2 in order to have a more accurate estimate of percent
increase in base pressure coefficient due to control deflection. However, until
additional data become available, Figure 7 will be the model used in the IAP.

S0 M 00=

I00

c o ---------...................

II ... . .. .....

01 0 I s 20 i s D o 3

I/ + 6I (dg)

FIGURE 7, PERCENT INCREASE IN BASE PRESSURE COEFFICIENT
DUE TO COMBINED EFFECTS OF ANGLE OF ATTACK

AND CONTROL DEFLECTION (t/e -0)

The next parameter of interest is fin thickness effects on base pressure, Most
references (see for example 14 and 16), including the OAP model, estimate the
change in base pressure as a function of fin t/c ratio. However, in plotting data from
several sources, see Figure 8a, it appeared that t/c may not be the most appropriate
parameter, Fin thickness-to-body diameter (t/d) was also investigated (see Figure 8b)
and this appeared to be a much more appropriate way to approximate fin thickness
since the data of Figure 8a was coellesed in a much smoother curve in Figure 8b. As
a result, the empirical model of fin thickness effects on base pressure will be derived
on the basis of t/d versus t/c.
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In analyzing the data of the present report, it also became clear that fin thick-
ness was an important parameter at low angle of attack and control deflection but
became less important at larger values of I a + 8 I. That is, given the increase of CpB
due to I a+8 I from Figure 7, the additional increase in CPB due to fin thickness
decreased with increasing I a+ 8 I. These results are shown in Figure 9, which gives
the additional percent increase in base pressure due to fin t/d ratio as a function of
Mach number and I a+ 8 I. Once again, additional data are needed, in particular for
Mach numbers less than 2. For I a+ 5 = 0, the data of Reference 27 supplements the
present data down to Mo = 1. Until additional data are available, the trend of F 3
below Mo = 1 is assumed to be similar to that of the base pressure coefficient curve of
Figure 1, Also, for values of I a+ 8 300, fin thickness effects on base pressure are
assumed to be zero.

The total body base pressure coefficient for fins located flush with the base is
then

(CPB ) 8,a, 8, /C. fC0=1 + 0.01 F 2)(CPB )NP, u=0 + 0.01 F3(t/d) (6)

where (CPB) F, •.o, F2, and F3 come from the LAP curve of Figure 1 and Figures 7 and
9, respectively.

The final parameter to model is fin location effects relative to the body base.
Figure 10 shows the percent change in base pressure coefficient for various angles of
attack and t/d values as a function of x/c for M. = 2. This figure was based on the new
wind tunnel data of Tables 1 and 2. Note that at a= 0, Figure 1Oa, (taken here to
be I a+ 81 ), &Cp, goes close to zero about a caliber or so ahead of the base. Also note
that the ACp, of Figure 10 is the change in base pressure at a given angle of attack
due to the presence of the fins.

On the other hand, examining Figures 1Ob and c, it is seen that as a or I a+6 I
becomes appreciable, the fins need to be located about 2.5 calibers ahead of the base
before the fin effects are minimal and the body angle-of-attack effect is the dominant
factor.

Also, it is noted that the percent change in base pressure coefficient in Figure 10
for a=5 and 100 initially has a negative slope similar to the a=0 case but then
reverses and approaches no change at x/c = 2.5. As a result, a numerical interpolation
is used to compute the percent change in 6CPB as a function of x/c, I a+ 8 I, and t/d,
This same percent change is assumed to occur at all Mach numbers since no data are
available other than at Mo-= 2.
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Once the percent change in CPB has been determined from Figure 10, the total
CpB is then

(cP) ,, x - (Cp) + 0.01(ACPB)a,8,t/cX1c (7)

Here (CpB,) is the body-alone base pressure at a given angle of attack and &CpB is the
"change due to the effect of fins from Figure 10. Note that (CPB)NFP ( is calculated by
Equation (5). As a result, the effect due to fins and body angle of attack will change
from that due to fins in presence of the body when the fins are flush with the base to
that of the body alone at angle of attack when the fins are far enough upstream.

Power-on and boattail effects will modify this base pressure coefficient the same
as previously discussed.

To summarize the fin location effects, if x/c is close to zero, Equation (6) is used
to compute the fin effect on base pressure, If x/c # 0, a numerical interpolation is
used based on Figure 10 where the variables are x/c, t/d, and I .+8 1, The body-alone
angle of attack effect is computed by Equation (5). The fin effects on base pressure
vary from the values of Equation (6) where x/c = 0 to those of the body-alone Equation
(5) upstream of the base, The total power-off base pressure coefficient is then given
by Equation (7). The base pressure coefficient is modified for power-on effects as
currently done in the OAP, The base drag including boattail effects is then

C A B ) a ,V ,x c ( d r (8 )

4. COMPARISON OF BASE DRAG EMPIRICAL MODELS
TO WIND TUNNEL DATA

This section compares the improved empirical base drag prediction model (TAP)
with the older version currently in use in the 1981 version of the aeroprediction code
(OAP) to wind tunnel data. The data used will be that of the present tests plus those
of Reference 26 for low Mach number body-alone angle-of-attack effects,

4.1 BODY-ALONE ANGLE-OF-ATTACK EFFECTS

Figures 11a, b, and c show the results of the IAP and OAP prediction results for
body-alone angle-of-attack base pressure for several Mach numbers. The IAP results
show improvement over the OAP prediction at all Mach numbers. However, the OAP
model, even though it was based on a very sparse amount of data, exhibits the correct
trends and is reasonably accurate, The maximum error on Cp,, compared to the data
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for the OAP was about 20 percerft, The IAP model of course duplicates the wind
tunnel results just as it was designed to do.

Figures lla, b, and c further illustrate the fact that the empirical models of the
OAP and IAP basically guess as to the behavior of base pressure above a= 15' due to
lack of a reliable database, This guess is believed good at Mw ;? 3.5 but questionable
for lower Mach numbers. On the other hand, it is certainly better than assuming no
change in base pressure with angle of attack, which is what many engineering codes
assume.

4,2 BODY-TAIL CONFIGURATIONS

As already discussed, when there is a tail located in the vicinity of the base, the
base pressure is affected due to several parameters. Figure 12 shows the IAP results
for Cp5 as a function of 8 compared to the results of the present test data of Wilcox.
Also shown are the OAP results, which are straight lines because the OAP empirical
model does not include 8 as one of its parameters, Figures 12a and b are for t/c=0.05,
Figures 12c and d are for t/c-=0.10, and Figures 12e and fare for t/c=0,15. All figures
are for x/ca=0 and w given for several Mach numbers, For Mach numbers of 2
and greater, the present data are used to compare the OAP and IAP models to. For
Mw0 < 2, no known good quality data are available so only models are shown, Note
that at all Mach numbers (other than M® = 2), the IAP represents the available data
reasonably well, At Mo '= 2, the empirical model intentionally is slightly higher than
the current experimental data for two reasons, First, to use the data of the current
tests would cause the IAP curve of Figure 1 to be unsmooth. Second, it is suspected
that the values of the present test may be slightly on the low side compared to the
OAP curve of Figure 1, which represents a compilation of experimental data from
other sources.

Figure 13 compares the base pressure coefficient of the OAP and IAP as a func-
tion oft/c for x/c-=0, 1.0, and 2.0 and at several Mach numbers, Data of Tables I and
2 are shown where available, In examining Figure 13, it is clear that the IAP is
superior to the OAP when compared to the Table 1 and 2 data for values of the vari-
ous parameters that are available. For Mach numbers where data are lacking, it is
suspected that the present model is also superior, However additional data are
required to substantiate this.

The final case considered is one in which several v&'riables are considered simul-
taneously. This is generally the situation in actual flight environments, The case
considered is for t/c =0.15, x/c= 1, and Mach number 2. Base pressure coefficient ver.,
sus control deflection is given in Figure 14 for the OAP, IAP, and the data of Tables 1
and 2 at 8=0. Note that tho OAP gives only a constant value for Cp,, independent of a
and 8 when fins are present whereas the IAP shows a variation according to the new
empirical model for a=0 and 5°. However, for a= 100, no variation is shown because
no data are available for x/c>0 where a and 8 are both increased, Hence, the
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empirical model changes only up to jct+ 81 -=100 when x/c .> 0. 1. Above Jac4-81 = 10',
no additional change is assumed to oceur, Also, note that the main difference
between the wind tunnel data and the TAP results is the slight difference in the
(CPB)NF, .0 body-alnne values. The empirical model appears to represent the change
in CpB with combined angle-of-attack and x/c values reasonably well.

-0.35

0.

0 5 10 15 20 25 so
Angle of Attack (dog)
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FIGURE l2c, COMPARISON OF BODY.TAIL BASE PRESSURE PREDICTED
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FIGURE 12d, COMPARISON OF BODY-TAIL BASE PRESSURE PREI)ICTED
BY THE OAP AND IAP AS A FUNCTION OF CONTROL DEFLECTION

(t/c=0.10; M,- 0,6, 1.0, 1,5; x/(!= 0)
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FIGURE 12., COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
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FIGURE 12t', COMPARISON OF BODY.TAIL BASE PRESSURE PREDICTED
BY THE OAP AND IAP AS A FUNCTION OF CONTROL DEFLECTION

(t/c=0,15; M•=0,6) 1,0, 1.5; x/c=0)
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FIGURE 13a. COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
BY THE OAP AND IAP AS A FUNCTION OF FIN THICKNESS (a = 8 =0;

,c/C 0; M. =3,O, 4, 5)
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FIGURE 13b, COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
BY THE OAP AND IAP AS A FUNCTION OF FIN THICKNESS (a = 8 =0;

xlc=0; M.= 1.5,2.0)
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FIGURE 13c, COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
BY THE OAP AND IAP AS A FUNCTION OF FIN THICKNESS (a 6 0;
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-0.32-

~-0-16-M. 3 0 ....

-0.12 -

-0.084

0 0.04 0.08 0.12 0.18 0.2
t/c

FIGURE 13d, COMPARISON OF BODY-TAIL, BASE PRESSURE PREDICTED
BY THE OAP AND IAP AS A FUNCTION OF FIN THICKNESS (a = 8 = 0;

x/c m 1. 0; M. . 3.0,4.5)



NSWCDD/TR-92/509

-0.32.

ICAPI.o.=4~ ~ ~ ~ ~~~1 ..... • ........................................ ....................
0. 6 -.. . ............ .....

-0.16 ....................... ... " -' ." _ ..

"-0.12 04U

0
0 0.04 0.05 0.12 0.16 0.2

t/c

FIGURE 13e. COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
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FIGURE 13f, COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
BY THE OAP AND IAP AS A FUNCTION OF FIN THICKNESS (a = 8 = 0;

x/c= 1.0; M. 0=.6, 1.0)
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FIGURE 13g. COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
BY THE OAP AND lAP AS A FUNCTION OF FIN THICKNESS (Q = 6 0;
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FIGURE 13h. COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
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FIGURE 13i. COMPARISON OF BODY-TAIL BASE PRESSURE PREDICTED
BY THE OAP AND IAP AS A FUNCTION OF FIN THICKNESS,(o = 8 = 0;
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BY THE OAP AND IAP AS A FUNCTION OF CONTROL DEFLECTION

AND ANGLE OF ATTACK (tic =0.15, x/c= 1.0, M® =2.0)

34



NSWCDD/TR-92/509

5. SUMMARY AND RECOMMENDATIONS

To summarize, new wind tunnel data have been generated to aid in base
pressure prediction as a function of body angle of attack, Mach number, fin control
deflection, fin thickness, and fin location. Data were taken over a Mach number
range of 2 to 4.5, angle of attack of 00 to 160, fin t/c ratio of 0,05 to 0,15, fin location of
flush with the base to two chord-lengths ahead of the base, and control deflection of 00
to 200, At Mach 2, some data were taken with a combination of several of the above
variables present whereas at other Mach numbers, only one parameter was changed
for a given tunnel condition,

Based on these new data, more recent data from other wind tunnel tests con-
ducted since the empirical base drag model for the OAP was developed in the mid-
1970's, and the data from which the empirical model was originally developed, a new
and improved empirical base drag prediction model has been developed. This new
model is a function of Mach number, angle of attack, fin control deflection, fin thick-
ness, and fin location, In comparison with thc OAP and the new wind tunnel data set,
it is seen that the IAP reduces the errors of the OAP substantially. Furthermore, the
OAP did not account for fin deflection or even angleu. ...' -'I effects if tail fins were
present,

While the new model estimates angle-of-attack effects to 30', control deflection
up to 300, and fin thickness effects for all Mach numbers, in many cases these esti-
mates are based on extrapolations and engineering judgment, As a result, additional
wind tunnel data are needed to validate or modify the current model as appropriate.
In particular, it is recommended that data be taken for base pressure for the following
conditions:

1. body alone: 15 : a !5 300; 0 S Mw s 4,5

2. body tail: fins flush with base; 150 a :!' 300; Mw -5 4.5

3, body tail: fins flush with base; a=0; 0.05 : t/c 5 0,15, 0 S Mo < 2.0

4. body tail: fins upstream of base; several values of a and 8; one value of
t/c; three Mach numbers

5. body tail: more cases where combinations of several parameters are
tested simultaneously for use in an empirical model validation

All data taken in future tests should be taken witn the same rigor as with the present
tests where enough pressure taps are used to get a good average of base pressure for
use in base drag computations,
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7. SYMBOLS AND DEFINITIONS

A base area, in.2

A1, A2, A3,...A 8  area sections used for weighted base drag coefficient
calculations in.2 (see Equation 4)

c fin root chord, in.

CAB axial force coefficient due to base pressure

CDB base drag coefficient = (CAU),ýo

CPB base pressure coefficient

CpI pressure coefficient, (pi - p) / q

d body diameter at the body base

drer reference diameter

Fi, F2, F3 symbols defining parameters used in semiempirical model

MW. freestream Mach number

p freestream static pressure, lb/ft2

Pi measured static pressure, lb/ft2

P0 stagnation pressure, lb/ft2
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freestream dynamic pressure, lb/ft2

radius, in,

't radius of base, 2.5 in,

SRn freestream unit Reynolds number per foot

t fin thickness at root chord, in,

trip fin thickness at tip, in.

t/C fin thickness.to.chord ratio

t/d fin thickness-to-body reference diameter ratio

To stagnation temperature, 'F

x distance frdm body base to fin trailing edge (for 6 = 00)

X/c distance from body base to fin trailing edge (for 6=0*) in tail
root chord lengths

a body angle of attack (dog) (positive nose up)

8 fin control deflection (positive leading edge up)

Subscripts on Cp B

NF CPH of body alone with no fins

t/c CM of body with fins of a given thickness-to-chord ratio

X/c Cp, of body with fins located a given distance from the body
base in fin root chord lengths

a Cps of body at a given angle of attack

S8 Cp of body with fins at a given deflection angle
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